In this review article, we examine the influence of prior deformation (prestrain) on the subsequent high temperature mechanical behaviour of engineering alloys. We review the observed effects at a macroscopic level in terms of creep deformation, creep rupture times and crack growth rates from a number of sources and a range of materials. Microstructural explanations for the observed macroscopic effects are also reviewed and constitutive models which incorporate the effect of prior deformation are examined. The emphasis in the paper is on engineering steels though reference is also made to non ferrous alloys.
Introduction
Prior deformation, e.g., hot or cold working, has been recognised as an important route to strengthen metallic materials by creating dislocation barriers to inhibit subsequent dislocation movement during plastic deformation at room temperature (see, e.g., [1] ). In many practical cases metallic materials operate at an elevated temperature. Under these conditions, the deformation behaviour typically exhibits history, rate and environmental dependencies, governed by microstructural evolution, due to dislocation movement and diffusion processes. Therefore, examining the influence of prior deformation on subsequent high temperature creep and creep fracture behaviour is a topic of significant theoretical and practical interest in e.g., conventional/nuclear power plant, where components are often in a prestrained condition; aerospace engines, where turbine components are often exposed to cyclic thermal and mechanical loading; and combustors, where components experience creep at high temperatures and plastic deformation at low temperatures. To optimize the component performance or to create optimal creep-resistant materials, a theoretical understanding is needed to quantify the creep response changes caused by prior deformation, and to identify the underlying mechanisms.
Since the 1960s, efforts have been made to consider the effect of prior deformation (prestrain) on the subsequent high temperature creep of engineering metallic materials. Yet, because high temperature creep, as a complex multi-physics-coupled phenomenon, is sensitive to many factors, e.g., material composition and microstructure, operating conditions (temperature and stress level) and sample geometry, several seemingly conflicting outcomes of prior deformation have been reported. For example, Wilshire and Willis [2] found that prestrain at room temperature for 316H/L stainless steel can increase creep resistance; Zhang and Knowles [3] showed a contrary effect for nickel base C263 superalloy where prestrain reduces creep resistance. Thus, the purpose of this work is to review published studies in the field of prior-deformation effects on subsequent high temperature creep for metallic materials to gain an overall understanding of this topic. The emphasis in the paper is on engineering steels though reference is also made to non ferrous alloys.
The paper is laid out as follows: Section 2 reviews the measured macroscopic effects of prior deformation on creep response at high temperature by comparing the creep response of pre-deformed samples and as-received samples. In Section 3, the evidence of microstructural changes due to prior deformation is summarised to investigate a physical interpretation of the effects. Section 4 examines the development of numerical investigations in this topic. In Section 5, a summary is provided.
Macroscopic effects of prior inelastic deformation
There have been a number of experimental investigations to examine the role that prior deformation plays in subsequent mechanical response at high temperature. This section reviews these investigations, focusing in particular on the effects reported in macroscopic creep tests, the materials examined in these studies, the type of prior deformation (e.g. pre-tension or pre-compression), the geometry of specimens and the operating temperature. In order to understand clearly the mechanisms behind these observed effects, we first differentiate the literature into two groups according to the observed influence on creep deformation, namely 'creep resistance effects' and 'creep enhancement effects'. The former term refers to a measured reduction in creep strain rates following prior deformation and the latter a measured increase in creep strain rates. In addition to the effects on creep deformation, prior deformation can also introduce important effects on creep fracture behaviour, typically represented by changes in creep life, creep ductility and creep crack growth which are also discussed in this section.
Creep resistance effects
The phenomenon that creep deformation can be impeded by prestrain has been widely reported for engineering steels (see, e.g., [2, [4] [5] [6] ). By employing thin-wall tubes of 316H stainless steel as creep test specimens (outside diameter, wall thickness and gauge length are 21 mm, 1 mm and 70 mm, respectively), Ohashi et al. [4] examined the effect of pre-tension on subsequent creep at elevated temperature (650
• C). The specimens were soaked uniformly for 20 hours at 650
• C, and uniaxial plastic pretensions were then applied to the specimens (1%, 2% and 3% prestrains corresponding to applied stresses of 174 MPa, 196 MPa and 218 MPa, respectively). Creep tests in tension and torsion were subsequently conducted at a constant stress of 140 MPa at the same temperature. Figure 1 shows the marked creep resistance effect introduced by prestrain in these tests. It can be seen that at t = 100 hours the creep strain for the specimen subjected to a prestrain of 1% is reduced by almost 50% compared to the as-received specimen. In Fig. 2 , it is shown that with increasing pretension the subsequent creep strain under torsional loading is also reduced significantly. The stress indicated in Fig. 2 , σ eq , is the von Mises equivalent stress,
where σ 1 , σ 2 and σ 3 are principal stresses, and the strainε, is the von Mises equivalent strain (also called effective strain),
where ε 1 , ε 2 and ε 3 are principal strains. Similar trends have been reported in [5] using uniaxial specimens of AISI 304 stainless steel with 20 mm gauge length and 3 mm diameter. In these tests the effects of prestrain at higher temperature than the subsequent creep test temperature were examined. Specimens were first prestrained at 650
• C, 700
• C and 750
• C, respectively under a constant stress level leading to elongations of up to 4.5%. Specimens were then cooled to the creep test temperature of 600
• C and a creep test was conducted at the same stress level as used for pre-tension. Figure 3 shows that prestraining at 700
• C leads to a reduced creep strain at the lower temperature. In addition, Fig. 4 shows the effect of prestrain at different temperatures on creep rate. It can be seen that the higher the prestraining temperature, the lower the creep resistance effect.
The investigations above focus on the effects of high temperature prestrain. Resistance effects are also identified for prestrain at room temperature. Usami and Mori [6] investigated the creep deformation of austenitic steels at low temperatures (140
• C). The effects of prestrain (pretension) at room temperature were studied using small uniaxial creep specimens with a square test section (4 × 4 × 8 mm). The results in Fig. 5 show that room temperature prestrain can also lead to an increase of creep resistance. Note that at these temperatures and stresses the material demonstrates logarithmic creep (creep strain increasing linearly with log(t)). Time (h)
Creep strain (%) Figure 5 : Room temperature prestraining effect on creep response of 5Mn12Ni21Cr2Mo austenitic steel at 500 MPa and 140
• C (Adapted from [6] ).
Wilshire and Willis [2] studied the effects of pretension at room and elevated temperature (575
• C) for 316L and 316H stainless steels, using cylindrical test pieces with 25.4 mm gauge length and 3.8 mm diameter. According to the solution treatments employed, the as-received materials were divided into three groups, namely partially solution-treated (PST) 316H stainless steel; fully solution-treated (FST) 316H stainless steel; and FST 316L stainless steel. The creep response of the three material groups to different amounts of prestrain at room temperature are shown in Figs. 6, 7 and 8. It may be seen that the creep strain drops significantly following room temperature prestraining. Furthermore, it may be seen that the magnitude of the effect is sensitive to material with a much weaker effect observed for the PST 316H material under similar conditions. The effects of high-temperature creep prestrain were also examined in [2] . It was found that there was a drop in creep rate in the primary stage of creep which results in a reduction in creep strain similar to the results in [5] .
Resistance effects on creep have been also reported for polycrystalline and single crystalline nonferrous alloys. Davies et al. [7] reported that room temperature prestrain can improve creep resistance at 500
• C for polycrystalline nickel alloy at low stress level; Marlin et al. [8] reported that the creep rate at 760
• C may decrease with increasing creep prestrain at the same temperature for an oxide dispersion strengthened Nickel-base alloy; Wang et al. [9] found that for TiAl alloys at high temperature (760
• C or 815
• C) primary creep can be significantly reduced by pretension at a higher stress level; Cairney et al. [10] found that both room and high temperature creep prestrain can decrease the subsequent creep strain at 520
• C for single-crystal Ni 3 Al and high temperature prestrain has a greater effect than room temperature prestrain. The latter result is contrary to the results in [5] for ferrous materials (Fig. 3 ).
Creep enhancement effects
A creep enhancing effect (prestrain reducing creep resistance) has also been reported for engineering steels, nonferrous alloys and pure metals.
Davies et al. [11] examined the effect of compressive prestrain on unaxial creep deformation of 316H stainless steel at 550
• C. In this study, blocks of material were compressed uniformly at room temperature to produce plastic strains of 4% and 8%, respectively. Uniaxial creep specimens with 25 mm gauge length and 8 mm diameter [12] were then manufactured from the compressed blocks. Figure 9 shows the creep curves of as-received and prestrained (precompression) materials. It is seen that the compressive prestrain leads to significant enhancements of creep strain.
Tai and Endo [13] investigated the role that creep prestrain at 600
• C plays in the subsequent creep response at the same temperature, using test specimens of 2.25Cr-1Mo steel (30 mm gage length; 6 mm diameter). Specimens were subjected to creep loading at 98 MPa up to a certain level of prestrain (0.14% ≤ ε p ≤ 19.4%) and then reloaded under creep conditions at a different stress level.
To quantify the effect of prestrain, an enhancement parameter, Φ, was introduced • C and 300 MPa for 316H stainless steel as-received and after prior deformation by 4% and 8% compression at room temperature (Adapted from [11] ). whereε p min andε min denote the minimum creep rates of prestrained and as-received specimens, respectively. Φ = 1 implies no effect of prestrain, Φ > 1 implies enhancement and vice versa. Figure 10 shows the variation of Φ as a function of prestrain at 600
• C, which reveals that over a range of stress levels Φ > 1 and Φ increases with increasing prestrain. Note that Figure 10 shows a data point where prestrain and subsequent creep are at the same applied stress (σ 0 = σ c = 98 MPa, for a pre-strain of approx. 1%). In this case the enhancement parameter is approx. 2, which is somewhat surprising, implying that the minimum creep rate of an interrupted creep test may be twice that of a continuous creep test. The observed effect may be due to experimental scatter (note that the best fit line is close to unity for this data point), due to the additional damage introduced during the pre-strain cycle, or due to the aging effect during prestrain. However, note that in [13] the aging effect was concluded to be small (prestraining time does not exceed 60 hours). Note also for the largest prestrain level in Fig. 10 (19.4%) the enhancement factor can be as high as 8. This large creep enhancement may be due to the introduction of inelastic damage during the pre-strain cycle. As will be discussed in Section 2.3, for some of these data points the prestrain may be close to the creep ductility of the material For nonferrous alloys, Dayson et al. [14] carried out a series of tests on Nimonic 80A using thin-walled tubular torsion specimens (16 mm gauge length; 0.8 mm wall thickness; 8.0 mm outer diameter) to examine the effect of prior torsion at room temperature on subsequent high temperature creep in torsion. Figure 11 shows that for this material pretorsion leads to an increase in creep strain. In Fig. 11 the term "forward creep" indicates that the torque applied under creep conditions is in the same direction as that applied during room temperature pre-torsion, while the term "reverse creep" implies that the direction of torsion during creep is reversed. It may be noted that the creep enhancement is larger for reverse creep than for forward creep.
Loveday and Dyson [15] examined the effect of room temperature pretension on subsequent creep deformation of nickel base superalloy, IN597, at 800
• C. After a prestrain of 9% there is a large increase in creep rate. Pandey et al. [16] found that pretension at room temperature led to creep enhancement for the creep response of Inconel alloy X-750 at 750
• C. Rong et al. [17] studied the effects of precompression at room temperature and 800
• C on the subsequent primary compressive creep response of polycrystalline single-phase titanium aluminide. Figure 12 shows the creep curves of as-received and prestrained materials. It is found that precompression at room temperature or 800
• C can increase the subsequent primary compressive creep at 800
• C and both primary and secondary creep rate are increased for high temperature precompression. Zhang and Knowles [3] examined the creep response of nickel base C263 superalloy at 800
• C subsequent to room temperature pretension. The results show that the minimum creep rate can be slightly enhanced with increasing amount of prestrain. More recently, similar trends are reported in [18] where the creep response of polycrystalline copper at 100
• C is enhanced by increasing amount of precompression. • C and a equivalent stress of 300 MPa for Nimonic 80A (Adapted from [14] ). TiAl alloy Creep at 800
As-received 2% precompression at 20
• C 2% precompression at 800
Creep strain (%) Figure 12 : Creep curves at 800
• C and 120 MPa for polycrystalline TiAl alloy as-received and after prior deformation by 2% at room temperature and 800
• C (Adapted from [17] ).
Effects on creep fracture
In addition to the influence on creep deformation, prior deformation may also affect the creep fracture behaviour by changing creep ductility and creep life. A common way to describe creep fracture behaviour in uniaxial tension is the MonkmanGrant relation [19] which considers an inverse dependence of the creep rupture life t f on the minimum creep rateε
where k, M are constants dependent on temperature and material and the constant M is known as the Monkman-Grant constant. To quantify the contributions of prestrain to creep fracture behaviour, the Monkman-Grant relation (Eq. 4) for as-received and prestrained 2.25Cr-1Mo steels was examined in [13] by Tai and Endo and the results are shown in Fig. 13 . It is found that despite the slight scatter of results the Monkman-Grant rule holds (k = 0.772 and M = 27.4) and appears to be insensitive to prestrain. The prestrain values corresponding to individual data points in Fig. 13 were not provided in [13] . Thus, the dependence of creep ductility on prestrain for these data cannot be directly identified. However, as the data in Fig. 13 show a weak dependence of the Monkman-Grant parameters on pre-strain, it is reasonable to conclude that for this material the creep ductility is not strongly sensitive to pre-strain under the conditions examined. The levels of pre-strain examined by [13] and shown in Fig. 10 and Fig. 13 are high, (up to 19.4%). There is insufficient information in [13] to allow an estimate of the creep ductility of a particular prestrained specimen. However, from Fig. 13 the maximum creep ductility (estimated by multiplication of minimum creep rate and creep life) of the as-received specimens is approx. 20% with the lowest measured creep ductility approx. 2%. As seen in Fig. 10 , the creep-prestrain level ranges from 0.14% to 19.4% (only two specimens are lower than 1%). Therefore, some prestrained specimens in Fig. 10 and Fig. 13 may have been close to failure
Willis et al. [20] examined the effect of prestrain on the subsequent creep fracture behavior of PST 316H stainless steel at 575
• C and under a constant stress of 450 MPa using uniaxial creep specimens. Rupture ductility in terms of creep strain at failure was found to reduce with increasing prestrain level, while rupture life was found to be weakly dependent on prestrain level. To allow comparison with other data in this section, the creep ductility data of [20] are presented in Fig. 14 in terms of the Monkman-Grant relation. It is seen that the Monkman-Grant constant is relatively insensitive to pre-strain for prestrains below 20%, while for prestrain larger than 20% a reduction in the Monkman-Grant constant is observed. The contrast in the trend for creep ductility in [20] (observed dependence on prestrain) and Monkman-Grant parameters (lack of dependence on prestrain for prestrain < 20%) may be due to difficulties in identifying the failure strain in a creep test or due to the experimental data scatter caused by microstructural variability of this particular material. Note also that the data in [20] 316H material. Wilshire and Willis [2] examined FST 316H stainless steels as a supplement to the results in [20] . As seen in Figs. 7 and 8 rupture ductility decreases while rupture life increases with prestrain for this material. Figure 15 shows the variations of Monkman-Grant relation caused by different amount of prestrain at room temperature. It is seen that the Monkman-Grant constant of specimens prestrained by 17% at room temperature is less than that of as-received specimens, consistent with the data of [20] . For specimens with a prestrain of 12% there is a transition of the Monkman-Grant constant from that of the as-received material at higher creep rates (ε m > 0.02 × 10 −6 ) to that of specimens prestrained by 17% at lower creep rates (ε m < 0.005 × 10 −6 ). The transition is indicated by the line linking the two parallel lines in Fig. 15 .
Auzoux et al. [21] examined the effect of prestrain on the subsequent creep fracture behavior of 316L(N) austenitic stainless steel at 600
• C, using as-received and prestrained cylindrical specimens (20 mm gauge length; 4 mm diameter). For these specimens, prestrain was imposed by rolling between 400
• C and 600
• C to reduce the thickness by 15 ± 0.4%. Figure 16 shows the Monkman-Grant plots for as-received and prestrained materials, indicating a significant reduction in the Monkman-Grant ductility.
Davies et al. [11] studied the effect of precompression on creep fracture of 316H stainless steels. Figure 9 shows that both rupture ductility and rupture life are reduced with increasing prestrain. Consistent with this observation, a significant reduction in the Monkman-Grant constant can be identified for the prestrained specimens as seen in Fig. 17 .
For non-ferrous materials, the effect of prior deformation on creep rupture life of Nimonic 80A was examined in [14] . Figure 11 shows that prestrain (under pretension and pretorsion) reduces both rupture ductility and rupture life. Insufficient data are provided in [14] to allow the application of the Monkman-Grant relation to be examined for this material. Figure 18 shows that the creep rupture lives of prestrained specimens are significantly lower than those of as-received specimens at the same stress level. It may also be noted that 'reverse creep' leads to a larger reduction in creep rupture life than 'forward creep'.
The pretension effect on subsequent creep fracture at 750
• C for astroloy was investigated in [22] . A flat tensile specimen was deformed plastically at room temperature to a prestrain of 10%, and two sets of creep specimens were extracted with long axes parallel and perpendicular to the prestrain direction, respectively (gauge length 2 mm; width 1.5 mm; thickness 0.7 mm). For comparison, non-prestrained creep specimen were also tested (gauge length 14 mm; width 6.5 mm; thickness 1.5 mm). Figure 19 shows the comparison of creep rupture time as a function of applied stress. It is observed that pretension results in a reduction in creep rupture time particularly when the creep loading direction is perpendicular to the prestrain direction.
Prestrain effects on creep crack growth have also been examined using notched specimens. Worswick and Pilkington [23] examined the effect of high temperature (666
• C) prestrain (tension) on subsequent creep crack growth for a 0.5Cr-0.5Mo ferritic steel at 550
• C, using three point bending specimens (152 mm × 18.75 mm × 12 mm) with a notch (fatigue-cracked to approx. 1/3 of width). The macroscopic creep crack growth rate,ȧ, was described in terms of the stress intensity factor, K, byȧ = AK n ,
where A and n are constants (see, e.g., [24] ). Figure 20 shows the results for as-received and prestrained materials. It can be seen that the specimens with prestrain of 0.26% show similar fracture behaviour to the as-received materials. However a prestrain of 0.58% leads to a significant increase in the crack growth rate.
Microstructural effects of prior inelastic deformation
Creep deformation mechanisms can be categorised into the following modes (see, e.g., [1] ): (i) dislocation glide at high stress level which involves dislocation moving along slip planes and overcoming obstacles aided by thermal activation; (ii) dislocation creep at intermediate stress levels which involves dislocation movement overcoming barriers by vacancy diffusion and (iii) diffusion creep at low stress levels which is controlled by stress-controlled atomic diffusion. In addition, for polycrystalline materials grain-boundary sliding may play an important role in initiating intergranular fracture during creep, although it does not contribute significantly to steady-state creep. It is expected that any microstructural change in a material resulting from prior deformation will affect the subsequent creep response and fracture behaviour at high temperature. In this Section, attention is focused on the microstructural changes caused by prior deformation and on examining their contribution to subsequent high temperature creep.
Effects on dislocation substructure
A useful starting point to consider the effect of microstructural changes on creep response is the Orowan equation (see, e.g., [25] )ε = ρ m bv,
where ρ m indicates mobile dislocation density, b is the Burger's vector length and v is the average velocity of the dislocations. Many authors (see, e.g., [2, 7, 10, [26] [27] [28] [29] ) have pointed out that dislocation density, ρ increases rapidly with increasing plastic strain. The increased dislocation density introduced by prestraining at room temperature cannot be fully recovered during the subsequent heating process prior to creep and may create strong barrier to dislocation movement during creep. Thus, the dislocation velocity in the Orowan equation is reduced, without increasing the mobile dislocation density, leading to a reduction in creep strain rate. However, prestrain may not always lead to an increase in creep resistance as observed in [3, 13, 17, 18] . In this case, as argued in [3, 17] , dislocations introduced during prestraining may remain mobile thus leading to an increase in the strain rate (creep enhancement effect) through an increase in ρ m in Eq. (6) .
In addition to the contribution to dislocation density, prior deformation at room temperature can also introduce important effects on lattice structure near grain boundaries. For example, Li et al. [18] reported that prior deformation is prone to producing high angle boundaries for polycrystalline copper. Typically two competing effects can be introduced by high-angle grain boundaries. Firstly, they can improve the rate of generation of dislocations resulting in material hardening due to dislocation entanglements (resistance). Secondly, they can improve the dislocation-annihilation rate by fast climb of edge dislocations in dipole configuration via grain boundary diffusion to soften the material (enhancement). Li et al. [18] found for a sufficiently small spacing of high-angle boundaries, the softening effect may become dominant, and consequently lead to a drop in creep resistance at high temperature (creep enhancement effect). For prior deformation at high temperature, it is believed that in some cases dislocation substructures are preserved such that dislocation motion in subsequent creep is restricted, leading to a resistance effect on subsequent creep, as shown in [2] . However, this assumption cannot explain the temperature dependence of the prestrain effect, observed in [5, 10, 17] for 304 stainless steel, polycrystalline Ti-52Al and single-crystal Ni 3 Al, respectively, where the same amounts of prestrain at room and high temperatures can exert different effects on subsequent creep. Kikuchi and Ilschner [5] postulated that the temperature effect shown in Fig. 4 is due to high temperature dynamic strain aging which leads to a maximum work hardening rate in the temperature range of 300 − 650 • C thus a higher resistance effect when prestrain occurs at these temperatures. Cairney et al. [10] suggested that the temperature effect may be due to the different dislocation structures induced by prestraining at room and high temperature. They found that specimens prestrained at 520
• C have shorter length of Kear-Wilsdorf (KW) locks than specimens prestrained at room temperature, therefore allowing the source of dislocations to operate differently, resulting in a larger resistance effect than that of prestrain at room temperature.
Influence on void nucleation and distribution
In addition to exerting significant influence on dislocation structures, prior deformation can also lead to microstructural degradation by producing cavities or micro-cracks within materials and accordingly affect the subsequent high temperature creep and creep fracture behaviour. In this section, we focus on prior deformation at room temperature since cavity nucleation is less likely to occur by prestrain at high temperature due to high dislocation mobility (see, e.g., [30] ).
To assess the influence of prior deformation on grain boundary cavity nucleation and distribution, the cavity density by transmission electron microscope (TEM) after prior deformation was measured in [14] . Figure 21 shows the cavity density as a function of strain. The cavity density, here, was defined as
where n c is the number of cavities observed in a unit foil area of thickness, t, and d the mean diameter of cavities. Figure 21 shows that the cavity density depends strongly on the value of strain and with increasing strain the number of cavities per unit volume increases. The nucleation mechanisms of cavities for prestrained astroloy were examined in [22] . It was found that prestrain tends to result in grain boundary damage in terms of microcracking at the interface between carbide (primarily M 23 C 6 ) and matrix. In addition, the local residual stress within grains developed by prestraining at room temperature was found to alter significantly the subsequent creep fracture behaviour resulting in an anisotropic creep response. Following a simplified theoretical model of an elliptical inclusion in an isotropic homogeneous elastic matrix (e.g., [31] ),the residual stress distribution near an inclusion was calculated in [22] and it was postulated that the residual stress introduced near the inclusion by prestrain plays a key role in subsequent (anisotropic) creep behaviour. Thus, prior deformation has been proposed as a mechanism for subsequent creep enhancing effects (and anisotropic behaviour) through the introduction of cavities or significant residual stress near grain boundaries. However, evidence for this interpretation is not strong and further investigations are required to provide more evidence to support these postulations. In addition, the underlying microstructural mechanisms for the reduction in the Monkman-Grant ductility caused by prior deformation as shown in Figs. 13, 14, 15, 16 and 17 are not clear.
Modelling studies of prestrain effects
In order to quantify the creep behaviour of materials accounting for prior deformation, constitutive models have relied primarily on phenomenological approaches. In this section, we focus on these models to predict the effect of prior deformation on the subsequent creep.
An empirical model was proposed in [32] to describe the dependence of creep strain ratė ε on prior creep strain, ε p , for a 2.25Cr-Mo steel. The model is essentially a modification to a Norton law for creep and may be written aṡ
where A 0 is a constant, m depends only on prestrain temperature and stress (for the material examined m = 10 ± 0.4), s is a constant which depends on stress and temperature, σ c is the applied stress during creep, n is the creep stress exponent (for the material examined n = 9.7 ± 0.2), Q 0 is the apparent activation energy for creep, R is the Boltzmann constant and T is the absolute temperature. Equation 8 reveals that for given temperature and stress, the creep rate at a fixed level of creep strain increases with increasing prestrain. However, this empirical model was developed only for uniaxial creep deformation with prestrain effect. No extension to multi-axial creep deformation was presented. Murakami et al. [33] proposed a numerical scheme to investigate coupled plastic and creep damage. They assumed that the plastic damage and subsequent creep damage occur at grain boundaries through cavity growth and the overall damage can be interpreted as an internal state variable representing the area density of the cavities. The damage state is then expressed as a sum of plastic damage and creep damage as follows:
where Ω Ω Ω is a symmetric damage tensor interpreted as an internal variable representing the area density of grain boundary cavities, and Ω Ω Ω P and Ω Ω Ω C indicate plastic and creep damage tensors, respectively. To take into account the stress magnification by internal damage, a net stress tensor, S is introduced and given by
where
which defines the amplitude of the magnification of the Cauchy stess σ σ σ. Based on the experimental data in [14] for Nimonic 80A which showed the cavities due to prior deformation at room temperature are mainly developed on grain boundaries parallel to the principal stress direction, the plastic damage tensor Ω Ω Ω P was specified as
where γ P and M P (i) are a scalar function and a fourth order tension function of the prior plastic strain tensor ǫ ǫ ǫ P , respectively, the symbols ν ν ν P (i) and I indicate the principal plastic strain directions and the unit tensor, respectively, and : and ⊗ denote the double contraction and the tensorial product, respectively. Finally, the creep rate is assumed to be governed by Norton's law asǫ
where S eq is the equivalent net stress with
S d the deviatoric part of S, and A and n are material constants. To quantify the evolution of creep damage, Ω Ω Ω C , based on metallurgical observations on creep damage processes (see, e.g., [34] ), it was assumed in [33] that creep damage is characterised by the formation of plane cavities on the grain boundaries perpendicular to the maximum principal stress direction. The creep damage tensor is governed bẏ
where B, k, ζ and l are material constants; S (1) and ν ν ν C(1) denote the maximum principal stress and corresponding direction of S, respectively. Noting Eqs (9), (11) and (12), it is found that Φ Φ Φ can be seen as a function of the creep damage tensor Ω Ω Ω C and the prior plastic strain tensor ǫ ǫ ǫ P . Therefore Eq. (15) provides a nonlinear differential equation with respect to the creep damage tensor Ω Ω Ω C and takes prior plastic deformation into account. Using this phenomenological model, reasonable agreement with the data in [14] for Nimonic 80A was obtained in [33] . Figure 22 shows the comparisons between modelling and experimental results. Note that in [33] prior deformation is seen as a factor introducing damage. Therefore only the enhancing effect of prior deformation on creep discussed in Section 2. • C where experimental and predicted curves are adapted from [14] and [33] , respectively.
predicted, although in many cases prior deformation has been reported to cause resistance effects as discussed in Section 2.1. Next we will discuss the phenomenological models which can predict creep resistance due to prior deformation. Xia and Ellyin [35] proposed a rate-dependent inelastic constitutive model to study the creep deformation including the prior plastic strain effect. In this study, rather than Eq. (10) given in [33] , a net stress tensor S is written as
where α α α is an internal tensor variable (called "internal stress", "equilibrium stress", "back stress" or "rest stress" in the literature). As in [33] Norton's law, Eq. (13), is used in [35] and the evolution of α α α during creep is governed by
where β and α C are material constants, α P is related to prior plastic strain, σ σ σ d and σ eq denote the deviatoric and von Mises equivalent stress, respectively,ǭ C is effective creep strain, and C is an integration constant related to plastic prestrain. Furthermore, the parameters α P and C which depend on plastic prestrain are postulated to be of a specified form based on the experimental results in [4] . The material constants are obtained in [35] from creep data without prestraining, and the creep resistance effect of prestrain is predicted in good agreement with experimental results. Figure 23 shows the comparisons for torsion creep tests of prestrained specimens. Note that in the models [33, 35] the temperature effect is not taken into account. Therefore, the dependence of material parameters on temperature in these models must be correlated with experimental data at different temperatures.
Peleshko [36] re-examined creep theory for bodies with anisotropy due to plastic prestrain using deformation theory rather than flow theory (e.g., [33, 35] ). Peleshko [36] assumed there are no additional plastic strains during creep, and decomposed the total strain into three parts given by ǫ ǫ ǫ = ǫ ǫ ǫ p + ǫ ǫ ǫ e + ǫ ǫ ǫ c ,
where ǫ ǫ ǫ p , ǫ ǫ ǫ e and ǫ ǫ ǫ c denote prestrain, elastic strain and creep strain, respectively. The prestrain ǫ ǫ ǫ p is introduced in a single load/unload cycle up to stress σ σ σ 0 (with a deviatoric part σ σ σ 0d ). The creep strain ǫ ǫ ǫ c is introduced by applied stress σ σ σ c (with a deviatoric part σ σ σ d ).
Starting from the assumption that the creep strain vector ǫ ǫ ǫ c lies in the plane linearly spanned by σ σ σ d and σ σ σ 0d in deviatoric stress space, the anisotropic creep response is written as
where σ eq and (σ 0 ) eq denote von Mises equivalent stresses corresponding to σ σ σ c and σ σ σ 0 , respectively, and the functions Ψ 1 and Ψ 2 have the following form • C for 316H stainless steel where experimental data and predicted curves are adapted from [4] and [35] , respectively.
where t denotes time and the scalar functions Ψ 1 and Ψ 2 can be determined from creep tests. Note that the temperature effects on the constitutive relations are not incorporated directly and are taken into account when determining the functions Ψ 1 and Ψ 2 . The functions Ψ 1 and Ψ 2 were determined also by fitting to the experimental data in [4] . Figure 24 shows a typical comparison for tensile creep test on prestrained specimens. Similar agreement was obtained for torsion creep.
In the phenomenological models described above, creep evolution and prior deformation effect are predicted on the macroscopic scale. These models do not explicitly incorporate creep deformation mechanisms. For example, the authors in [33] considered that creep was governed by the evolution of cavities on grain boundaries and dislocation creep is omitted, while the models [35, 36] can not capture the features of cavity evolution during creep. Although prior deformation effects can be quantified in these models, the observed temperature effects caused by different mechanisms can not be easily accounted for. Therefore, the weaknesses mentioned above limit the application of these phenomenological models in engineering practice. However, recently developed technologies such as crystal plasticity models or multiscale modelling technologies (e.g., [37] [38] [39] [40] [41] [42] ) have provided a robust framework to numerically quantify the evolution of microstructure of single/multi-phase single crystals and polycrystals during inelastic deformation and to reveal the underlying microstructural mechanisms of deformation and fracture behaviour.
Summary
Available experimental data which examine the effect of prior deformation on subsequent high temperature creep have been reviewed. It has been found that prior deformation can introduce both resistance and enhancement effects on the subsequent creep response of metallic materials and may lead to a significant influence on the creep fracture behaviour. The overall effects can be summarised as follows.
1. The introduction of inelastic prestrain can affect the subsequent creep deformation and fracture response.
2. For stainless steel, pretension generally leads to an increase in the subsequent creep resistance, regardless of prestrain temperature, while precompression may lead to an enhancement effect. This load direction effect is also observed in Nimonic 80A for pretorsion.
3. For 2.25Cr-1Mo ferritic steel creep enhancement is seen following prior tensile deformation. This suggests that the effect of prestrain depends on steel composition.
4. The effect of prestrain depend on prestraining temperature for AISI 304 stainless steel, TiAl alloy and the intermetallic Ni 3 Al. Creep strain (%) Figure 24 : Tensile creep curves after pretension at 650
• C for 316H stainless steel where experimental data and predicted curves are adapted from [4] and [36] , respectively. a weak dependence of Monkman-Grant constant (and creep ductility) on prestrain. For 0.5Cr-0.5Mo ferritic steel, pretension can result in an increase of the creep crack growth rate.
6. Explicit interpretations for experimental findings are desirable and require further numerical modelling support. A comprehensive physically based explanation for prestrain effects is lacking, though some insights are provided from consideration of dislocation mechanisms.
